Subtle changes in glucocorticoid levels, including a flattening of the diurnal rhythm with raised nadir, are prevalent, being characteristic of both aging and major depression. Both these conditions are also associated with deficits in hippocampally mediated cognitive functions. We hypothesized that this profile of glucocorticoid levels causes structural and functional changes in the hippocampus, which in turn may engender cognitive deficits. We implanted slow-release corticosterone pellets into adrenally intact adult male rats to produce a flattened glucocorticoid rhythm with levels clamped midway between the normal nadir and zenith. Using density profile analysis we measured hippocampal expression of messenger RNAs encoding structural and functional proteins. In rats with a flattened glucocorticoid rhythm, the expression of the mRNA coding for microtubule associated protein-2b (MAP2b) was reduced in CA3 relative to sham-operated controls, but unchanged in dentate gyrus and CA1. In contrast, the expression of the mRNA coding the alpha subunit of calciumcalmodulin dependent kinase (CAMKIIa) was reduced in dentate gyrus in animals with a flattened glucocorticoid rhythm, but unchanged in CA3. The expression of the mRNA coding the synaptic vesicle protein synaptophysin was unchanged in both CA3 and dentate gyrus. The data indicate that a flattening of the normal diurnal glucocorticoid rhythm decreases the hippocampal expression of mRNAs coding key structural and functional proteins, and does so in a regionally selective manner. The data may have relevance for cognitive deficits characteristic of aging and depression.
INTRODUCTION
Over the past two decades it has become established that alterations in glucocorticoids can have dramatic influences on both the structure and the function of hippocampal neurons. Thus, morphological studies have revealed that either the administration of high doses of glucocorticoids or chronic stress induces the so-called 'dendritic pruning' in CA3 pyramidal neurons Magariños and McEwen 1995; McKittrick et al, 2000) as well as cell loss among the pyramidal neurons in CA3 and the granule cells of the dentate gyrus (Sousa et al, 1999; Haynes et al, 2001) . It is also established that glucocorticoid excess decreases neurogenesis in the adult dentate gyrus (Gould and Tanapat, 1999) . These structural effects are mirrored in an attenuation of long-term potentiation (LTP) (Pavlides et al, 1993; Smriga et al, 1996) and an impairment of hippocampally mediated spatial memory performance in rodents (Sousa et al, 2000) . However, glucocorticoids show a Ushaped dose-response curve with respect to the structure and function of hippocampal neurons, and reduction or removal of circulating glucocorticoids by adrenalectomy (ADX) also has deleterious effects on hippocampus. Structural changes observed include a marked loss of granule cells (Sloviter et al, 1993 (Sloviter et al, , 1995 Gould et al, 1990) , impoverishment of granule cell dendrites, and reduction in synapses between mossy fibers and the apical dendrites of CA3 pyramidal neurons (Sousa et al, 1999) . ADX also attenuates both LTP (Smriga et al, 1996; Shors et al, 1990) and spatial working memory (McCormick et al, 1997) .
While gross alterations in circulating glucocorticoids are characteristic of Cushing's and Addison's diseases, these disorders are uncommon. However, more subtle changes in glucocorticoid levels are comparatively prevalent, and furthermore often go untreated. Thus in the normal aging process, there is a significant flattening of the normal diurnal rhythm of cortisol secretion (Ferrari et al, 2001; Van Cauter et al, 1996; Deuschle et al, 1997a) . In addition, several common psychiatric disorders including affective disorders, cortisol secretion is moderately increased and there is a marked flattening of the diurnal rhythm (Deuschle et al, 1997b; Ferrari et al, 2001) .
Aging and affective disorders are associated with not only glucocorticoid abnormalities but also with cognitive impairments. Thus, in aging rodents there are impairments of hippocampally mediated spatial memory (Aitken and Meaney, 1989; Frick et al, 1995) . Moreover, in elderly humans, there is also a recognized decline in memory function (Golomb et al, 1996; Mayeux et al, 2001) . Interestingly, patients with affective disorders have also been shown to exhibit cognitive deficits including in mnemonic processing (for reviews see Christensen et al, 1997; Bearden et al, 1998) . These impairments, in particular those in visuospatial memory, have been most consistently observed in severe unipolar depression (including melancholic and psychotic subtypes) as well as in bipolar disorder (Austin et al, 2001; Quraishi and Frangou, 2002) . Recent evidence suggests that deficits may persist into clinical remission (Abas et al, 1990; Rubinsztein et al, 2000; Austin et al, 2001) .
Given the established effects of glucocorticoids on the hippocampus reviewed above, a causal relation between disturbed glucocorticoid rhythm and altered hippocampal function in aged individuals and depressed patients may be suggested. However, the studies cited above have in general used very large doses of glucocorticoids or complete removal of glucocorticoids, and it remains unclear whether more moderate changes would cause similar effects. In the present study, we have sought to address the question of whether moderate changes in glucocorticoid secretion and rhythm of the sort seen in aging and psychiatric disorders might cause changes in hippocampal structure and function, which could in turn underlie cognitive deficits.
We have previously shown that implantation of slowrelease corticosterone pellets in adrenally intact adult rats produces a flattened glucocorticoid rhythm, in which levels are clamped midway between the normal morning nadir and evening peak, and there is no change in overall glucocorticoid exposure (Leitch et al, 2003) . Here we used this model to determine the effects of flattened glucocorticoid rhythm on hippocampal expression of mRNAs coding for three neuronal proteins using in situ hybridization histochemistry. The mRNA species measured were those coding for (i) microtubule associated protein-2b (MAP2b)-Fa cytoskeletal protein, which is thought to play an important role in axonal and dendritic transport (Goedert et al, 1991) ; (ii) CAMKIIaFthe alpha subunit of a calcium dependent kinase known to show activity dependent changes in expression (Soderling and Derkach, 2000) ; and (iii) synaptophysinFa synaptic vesicle protein involved in vesicle biogenesis and fusion (Elferink and Scheller, 1995) .
METHODS

Animals
Male Sprague-Dawley rats (Bantin and Kingman, Hull, UK) weighing approximately 160 g were brought into the local animal facility. Animals were group housed in controlled conditions of light (12 h light/dark cycle, lights on at 7.00 am, temperature, and humidity, and were allowed food and water ad lib. Animals were allowed to acclimatize for 5-7 days. All studies were carried out within the guidelines of the UK Animals (Scientific Procedures) Act 1986.
Corticosterone Treatment
Four groups of eight animals were used. Animals were briefly anesthetised with isoflurane and a small incision was made in the skin overlying the flank. A subcutaneous pocket was made by separation of the skin from the subcutaneous tissue. Eight animals underwent sham surgery and eight animals had a 75 mg 21-day slow-release corticosterone pellet (Innovative Research of America, USA) implanted. The skin wound was sutured, a subcutaneous injection of buprenorphine (0.05 mg/kg) was given in the scruff region, and animals were allowed to recover from the anesthetic. Animals were returned to their home cages (group housed) and moved to a recovery room with an ambient temperature of 251C for 1-2 days before being returned to the stock room. In some cases animals were supplied with watersoaked diet to encourage feeding.
On days 11, 12, and 13 following surgery, animals were briefly handled. Between 10.00 and 16.00 h before being killed, animals were moved in their home cages to the experimental room and left to acclimatise. Groups of sham-operated and implanted animals were killed at 7.00 pm on day 14 and 8.00 am on day 15 following surgery. Rats were removed one at a time from their home cages and quickly killed by guillotine. Trunk blood was collected for subsequent analysis of serum corticosterone. Brains were removed and snap frozen in isopentane cooled on dry ice. Brains were then stored at À701C until sectioning.
Corticosterone Assay
Trunk blood samples were left to coagulate on ice. They were then centrifuged and the resultant serum removed. Samples were stored at À201C until assay using a commercially available [
125 I] corticosterone radioimmunoassay (ICN, Orangeburg, USA).
Preparation of Hippocampal Tissue for In Situ Hybridization Histochemistry
Brains from the groups of sham-operated and implanted animals killed at 8.00 am were sectioned using a cryostat. Sections of hippocampus 12 mm thick were thaw mounted onto RNAase free gelatinized slides. Three sections per slide were collected. Slides were then stored frozen at À701C until fixation.
Sections were fixed according to the following protocol: fixation 5 min in 4% paraformaldehyde in phosphatebuffered saline (PBS), washing twice in PBS acetylated 10 min in 0.25% acetic anhydride in 0.1 M triethanolamine buffer. Sections were then dehydrated through graded ethanol washes and then defatted by a 10 min chloroform wash. Finally, sections were treated with 100 and 95% ethanol and air dried. Following fixation, sections were stored at À201C.
In Situ Hybridization Histochemistry
In situ hybridization histochemistry for MAP2b, CAMKIIa, and synaptophysin was performed on the slide mounted, pretreated, hippocampal sections. Probes against MAP2b and CAMKIIa were designed in-house with reference to the published mRNA sequences using the GENBANK and BLAST facilities of NIH. The MAP2b probe was a 39-mer (sequence 5 0 ctt cct cac ctc gaa cct ctg ctg gtt cgg aca caa ctg 3 0 ) targeted to base pairs 3781-3820 of the mRNA transcript (Marechal et al, 1988; Kindler et al, 1990) . The probe for CAMKIIa was a 31-mer (5 0 cct ggt ccg gtc cca ggg acg cga gaa cga a 3 0 ) targeting base pairs 1480-1510 of the mRNA transcript (Lin et al, 1987) . The probe for synaptophysin (5 0 tag cct tgc tgc cca tag tcg ccc tga ggc ccg tag cca 3 0 ) targeting base pairs 870-908 of the mRNA transcript (Bargou and Leube, 1991) was taken from the literature (Eastwood et al, 1994) . In each case a BLAST search against all published gene sequences was performed to confirm specificity of the probe. Oligonucleotide probes for MAP2b, CAMKIIa, and synaptophysin were synthesized by the molecular biology unit of Newcastle University.
Oligonucleotide probes were 3 0 end labelled using [ 35 S]-ATP and terminal deoxynucleotidyl transferase (TdT) (Amersham). Labelled oligonucleotide was purified on a Sephadex G50 size exclusion column and was added to a hybridization mixture (comprising 50% formamide, 4 Â standard saline citrate (SSC), 10% dextran sulfate, 5 Â Denhardts, 200 mg/ml salmon sperm DNA, 100 mg/ml poly A, 25 mM sodium phosphate, 1 mM sodium pyrophosphate, and 5% dithiothreitol (Pei et al, 1998) ). Hybridization mixture (200 ml containing approximately 2 Â 10 6 cpm per slide) was pipetted onto each slide and was spread evenly. Slides were then coverslipped, and incubated overnight at 351C in sealed boxes humidified with 50% formamide in 4 Â SSC.
Coverslips and excess hybridization mixture were washed off in 1 Â SSC. Slides then underwent three separate 20-min washes in hot 1 Â SSC (581C), followed by two 60-min washes in room temperature 1 Â SSC. Following a final rinse in deionised water, slides were air dried, mounted onto card and placed in a photographic cassette together with calibration strips (Amersham) containing known amounts of [ 14 C]. Biomax film (Kodak Eastman) was apposed to the slides for 1 week. Films were developed using an automated Agfa Curix compact plus daylightt processor.
Densitometry/Quantification
Images from developed autoradiograms were captured on digital camera and stored for off-line analysis. Optical density readings were calibrated by reference to the [ 14 C] standards and are expressed in arbitrary units of radioactivity. Analysis was performed using Scion Image software (NIH) and a density slice paradigm that was designed in-house (see Figure 1) . Briefly, two brain sections per animal containing four hippocampi (two left, two right) were analyzed. A line was drawn freehand along the cell body region of the hippocampal subfield of interest, and 4-7 lines of 100 pixels perpendicular to and centered on the freehand line were generated. The calibrated density in each of these pixels for each of the 4-7 perpendiculars was determined. This procedure was repeated three times for each hippocampus. Density profiles from the four hippocampi were averaged to produce one density profile per animal. Density profiles were trimmed to a length appropriate to the cell layer under study.
Data Analysis and Statistics
Density profile data were analyzed by two-way repeated measures split-plot ANOVA with pixels grouped into bins containing five adjacent pixels. Significant main effects (treatment and bin) and treatment Â bin interactions are quoted. Post hoc analysis on individual bins was by two-way repeated measures ANOVA on the five pixels within each bin. Data quoted in the text and shown in the figures are mean 7 SEM (n). Statistical significance at the 95% level and above is reported.
RESULTS
Serum Corticosterone
In sham-operated animals, corticosterone levels showed diurnal variation being high at 7.00 pm (8.97 7 2.0 mg/dl) and low at 8.00 am (0.6 7 0.08 mg/dl). In implanted animals, corticosterone levels were at a level midway between the am and pm values of the sham-operated animals and did not differ between the two time points (am: 4.63 7 0.75; pm: 4.84 7 0.62 mg/dl).
Distribution of Synaptophysin, MAP2b, and CAMKIIa mRNAs Figure 1 shows a typical MAP2b autoradiogram with the regions used for density profile analysis marked (see Methods). Figure 2 shows the distribution of mRNAs for MAP2b, CAMKIIa, and synaptophysin, in the hippocampus together with a cresyl violet (Nissl) stained section for comparison. All three mRNA species were densely expressed in Ammon's horn and the dentate gyrus; however, Glucocorticoid rhythm and hippocampal mRNAs SE Gartside et al there were marked differences in their subcellular distributions. MAP2b mRNA (Figure 2a ) expression appeared as a broad band in Ammon's horn and in the DG representing areas occupied by both cell bodies and proximal portions of the dendrites. Expression of CAMKIIa mRNA was broader than that of MAP2b in both Ammon's horn and the DG with a discernable signal extending throughout the area occupied by the proximal and distal apical dendrites of the pyramidal cells and the mossy fibers of the granule cells (Figure 2b ). In contrast, the distribution of synaptophysin mRNA ( Figure  2c ) was restricted to narrow bands representing the area of cell bodies of pyramidal and granule cells in CA1-4 and the DG, respectively. Figure 3 shows representative density profiles for the MAP2b mRNA, CAMKIIa mRNA, and synatophysin mRNA taken across the CA3 region of Ammon's horn. These density profiles clearly show the differences in subcellular distribution of the three mRNA species evident in Figure 2 .
Effect of Flattened Corticosterone Rhythm on the Expression of mRNAs Coding for MAP2b, CAMKIIa, and Synaptophysin
MAP2b. As noted above, MAP2b mRNA expression in CA3 occurred as a broad band, which is represented on the density profile by a broad peak with a marked shoulder. In the corticosterone-implanted animals, expression of MAP2b mRNA showed selective reduction across the peak and the shoulder, that is, in areas representing both the cell bodies and proximal dendrites (Figure 4a ). Repeated measures split-plot ANOVA of these data revealed a significant bin Â treatment interaction (F 16, 224 ¼ 1.8, po0.05) as well as a significant main effect of bin (F 16, 224 ¼ 328, po0.001). Post hoc ANOVA showed no treatment differences in individual bins.
In the dentate gyrus, expression of MAP2b mRNA showed a broad peak, although without the marked shoulder observed in CA3. In this region there was no significant difference in MAP2b mRNA expression between corticosterone-implanted and sham-operated animals (Figure 4b ). ANOVA showed no significant main effect of treatment and no bin Â treatment interaction. Again a significant main effect of bin was noted (F 16, 208 ¼ 504, po0.001).
The density profile for MAP2b mRNA in CA1 showed a much narrower peak than in CA3 but with a marked tailing into the stratum radiatum to the left-hand side of the profile. There was no difference in expression of MAP2b Note that while the expression of synaptophysin mRNA is restricted to cell body layers in Ammon's horn and dentate gyrus, that of MAP2b mRNA extends beyond the cell body layers into the area occupied by proximal portions of the apical dendrites of Ammon's horn and the mossy fibers of the dentate gyrus. Expression of CAMKIIa mRNA is clearly discernable throughout the extent of the apical dendrites of Ammon's horn and mossy fibers of the dentate gyrus. Figure 3 Representative density profiles taken across the CA3 region of Ammon's horn for the mRNAs coding MAP2b (dashed line), CAMKIIa (dotted line), and synaptophysin (solid line). Data are normalised and expressed in arbitrary units of density with 100 as the maximal density and 0 as the minimum. Note the narrow peak of synaptophysin mRNA expression representing expression restricted to the cell body layer. The profile for CAMKIIa mRNA is wider and there is significant expression extending through the apical dendrites. The profile for MAP2b mRNA expression shows a double hump reflecting the expression of this species in the cell body layer as well as in a relatively restricted area of the proximal portion of the apical dendrites.
mRNA between corticosterone-implanted and sham-operated animals in CA1 (Figure 4c ). Thus ANOVA of these data revealed no significant effect of treatment or treatment Â bin interaction, but a significant main effect of bin (F 16, 208 ¼ 504, po0.001).
CAMKII. The density profile of CAMKIIa mRNA expression in CA3 shows a peak, which is narrower than that of MAP2 but which has marked tails extending well into the stratum radiatum (Figure 5a) . In CA3 the expression of CAMKIIa mRNA did not differ between implanted and sham-operated animals. Thus, ANOVA revealed no effect of treatment and no treatment Â bin interaction, although there was a highly significant main effect of bin (F 16, 224 ¼ 394, po0.001) .
The profile of CAMKIIa mRNA expression in dentate gyrus in implanted and sham-operated animals is shown in Figure 5b . In the implanted animals, expression of the mRNA was reduced over much of the area measured. Thus ANOVA revealed a significant main effect of treatment (F 1, 14 ¼ 4.8, po0.05), and a significant treatment Â bin interaction (F 12, 168 ¼ 2.2, po0.05). Again there was a significant main effect of bin (F 12, 168 ¼ 212, po0.01) . Post hoc ANOVA revealed that three bins representing the area of peak expression as well as a single bin representing the area between the blades of the dentate gyrus were significantly different between the two treatment groups (see Figure 5b) .
Synaptophysin. The expression of synaptophysin mRNA in CA3 and dentate gyrus in corticosterone implanted and sham-operated animals is shown in Figures 6a and b. As noted above, synaptophysin mRNA was limited to a narrow band in these regions. Corticosterone treatment failed to alter the expression of synaptophysin mRNA in either region.
DISCUSSION
Here we sought to address the question of whether flattened glucocorticoid rhythm induces changes in hippocampal structure and function and hence might be causative in cognitive deficits. We used a previously validated rat model of flattened glucocorticoid rhythm, with raised nadir and lowered peak, and examined the effect of this manipulation on a number of mRNA species in the hippocampus using a specially developed density profile analysis. In animals with flattened corticosterone rhythm, we found that mRNAs for MAP2b and CAMKII were reduced in a regionally specific manner. Thus MAP2b mRNA was reduced in CA3 but not CA1 or dentate gyrus, while CAMKIIa mRNA was reduced in dentate gyrus but not CA3. The expression of synaptophysin mRNAs was not modified in either CA3 or dentate gyrus. That the changes observed are selective with respect to both mRNA species and the hippocampal region suggest that loss of corticosterone rhythm causes specific changes in these mRNA species rather than loss of neurons or a generalized decrease in hippocampal volume.
Density Profile Analysis
In the present study we found that the expression of MAP2b, CAMKII, and synaptophysin mRNAs was high in the cell body regions of CA3, CA1, and dentate gyrus. While synaptophysin mRNA was limited to the cell body layers, MAP2b mRNA was moderately high in the regions occupied by the proximal portions of apical dendrites of pyramidal cells (CA1 and CA3) and mossy fibers in the molecular layer. Expression of the mRNA for CAMKII was moderate throughout the dendritic regions of Ammon's horn and the dentate gyrus. These findings are in accord with previous reports on the distributions of these mRNAs in the hippocampus (Paradies and Steward, 1997; Roberts et al, 1998; Crispino et al, 1999) . Here we developed a density profile analysis to express these differing distributions numerically; this also provided a powerful method with which to compare expression of the mRNA species between treatment groups. Given the large number of individual data points (pixels), we controlled for type 1 error by using a split-plot analysis (grouping pixels into bins containing five adjacent pixels) and considered only significant bin, treatment, and treatment Â bin effects. Using this type of analysis, it is possible to localize tentatively the subcellular regions in which changes may occur without the need for emulsion dipping or other labor intensive methods.
Corticosterone-Induced Changes in Hippocampal Expression of mRNAs
MAP2b. In corticosterone-implanted animals we found that the expression of the mRNA for MAP2b was reduced in CA3. There was also a trend towards a reduction in the dentate gyrus (suprapyramidal blade), although this was not statistically significant. Examination of the profile of MAP2b mRNA expression in CA3 in the two groups showed that corticosterone treatment reduced expression in both the cell body layer, and the proximal portions of the apical dendrites of pyramidal cells. The decrease in MAP2 mRNA in CA3 observed here is likely to be accompanied by reduced expression of MAP2b protein in this region, since treatments that alter MAP2b mRNA are frequently shown to alter the protein as well (see below). MAP2b is the adult dendritic form of a microtubule-associated protein that promotes the assembly and stability of microtubules. Hence, in mature neurons, MAP2b is critically involved in dendritic transport (Goedert et al, 1991) . Data from previous studies indicate that treatments that increase dendritic arborization increase both MAP2 mRNA and MAP2 protein expression. Thus, seizure activity induces dendritic arborizations (Kato et al, 2001; Represa et al, 1993) and an increase in MAP2 mRNA and protein (Pollard et al, 1994; Pei et al, 1998; Kato et al, 2001) . Kindling, and other seizure activity, is associated with an increase in synaptic strength (Trommer et al, 1994) , suggesting that changes in MAP2 expression may have functional as well as structural correlates. In accord with this, an increased MAP2 mRNA expression in the dentate gyrus has been reported following the successful induction of perforant path LTP. Previous studies using high doses of glucocorticoids as well as chronic stress have shown the so-called dendritic pruning in CA3 apical dendrites with a decrease in overall length as well as in the number of branch points Magariños and McEwen, 1995) . Our present data showing a CA3 selective decrease in MAP2 mRNA expression would be consistent with a decrement in dendritic extent and/or synaptic strength. Interestingly, Kuroda and McEwen (1998) reported that a chronic stress paradigm, which had previously been shown to cause pruning, was without effect on hippocampal MAP2 mRNA. However, it may be that the density profile analysis used in the present study has greater sensitivity to reveal small changes than the gross region of interest analysis used by Kuroda and McEwen (1998) .
CAMKII mRNA. The hippocampal expression of CAMKIIa mRNA was also decreased; however, there were qualitative differences from the changes in MAP2 mRNA. Thus, there was a reduction in expression in the dentate gyrus; however, this was not localized to cell body or dendritic regions but was apparent throughout the density profile. Furthermore, CAMKIIa mRNA was unaltered in the CA3 region. CAMKII is a calmodulin-dependent kinase enzyme, which plays a critical role in LTP (Soderling and Derkach, 2000) and has been suggested to be the prime candidate for the molecular basis of memory (Lisman et al, 2002) . CAMKII mRNA expression has been shown to be increased in dentate gyrus (molecular and granule cell layers) following perforant path LTP (Roberts et al, 1998) and increased in CA1 following Schaffer collateral induced LTP (Liu et al, 1999) . Interestingly, mice with a mutant CAMKII show alterations in the frequency dependence of LTP induction (Hinds et al, 1998) together with deficits in spatial memory (Silva et al, 1996) . The decrease found here was confined to the dentate gyrus and is perhaps indicative of reduced excitatory synaptic activity in this region either in excitatory inputs from the entorhinal cortex via the perforant path or outputs via synapses between mossy fibers and CA3 apical dendrites.
Synaptophysin mRNA. In the present study we found no changes in expression of the mRNA for synaptophysin in animals with a flattened corticosterone rhythm. SynaptophysinFa synaptic protein with roles in vesicle biogenesis and fusion (Elferink and Scheller, 1995) Fis a wellestablished synaptic marker (Walaas et al, 1988; Eastwood and Harrison, 1995) . Furthermore, it has been shown that synaptophysin protein correlates well with synaptic number when this is measured by morphometric methods (McEwen et al, 1999; Brake et al, 2001) , and also that synaptophsyin mRNA correlates with synaptophysin protein levels (see Eastwood and Harrison, 1995) . We reasoned that changes in neurotransmission in the hippocampus as a result of the corticosterone treatment might be expected to be associated with changes in synaptophysin. For example, dendritic pruning in CA3 may result in a decrease in synaptic contacts of CA3 neurons (apical dendrites) with mossy fibers. Such an effect might be expected to result in a decrease in synaptophysin mRNA in dentate granule cells. Contrary to this hypothesis, we found that synaptophysin mRNA was unaltered dentate gyrus and indeed was also unchanged in CA3. In a recent report it was shown that both acute and chronic restraint stress markedly reduced synaptophysin mRNA in hippocampus (Thome et al, 2001) . These data suggest a role for corticosterone in the regulation of synaptophysin mRNA, but may indicate that such regulation occurs only with the magnitude of increase in corticosterone associated with restraint stress rather than with the moderate changes to the corticosterone rhythm used here.
Relevance to Aging and Depression
As discussed in the Introduction, moderate disturbances in glucocorticoid levels, including a flattening of the diurnal rhythm with raised nadir, are prevalent in normal aging as well as in depression. In the present study, we used a manipulation that produces glucocorticoid levels that are clamped at the midpoint of the diurnal rhythm and hence are increased at the nadir but decreased at the zenith relative to the normal rhythm. The corticosterone profile generated is very similar to that seen in aged rats (Hauger et al, 1994) and similar to the profile of cortisol levels in aged human subjects (Deuschle et al, 1997a; Ferrari et al, 2001; Van Cauter et al, 1996; Wong et al, 2000) . The elevated nadir and flattened rhythm is also consistent with the pattern observed in depressed patients, although in this group the peak of the diurnal rhythm is preserved, or even marginally elevated, resulting in an increase in 24 h cortisol exposure (Deuschle et al, 1997b; Wong et al, 2000) . Aging and depressive illnesses are both accompanied by cognitive deficits, including impairments in aspects of memory function (Golomb et al, 1996; Mayeux et al, 2001; Austin et al, 2001; Quraishi and Frangou, 2002) , which are believed to be hippocampally mediated (Silva et al, 1998) . Our present findings suggest that in these conditions, it may be the alteration in glucocorticoids that underlies these deficits in hippocampal function, although we are unable to firmly attribute the changes to raised nadir, lowered zenith, or flattened rhythm. Interestingly, it has recently been reported that patients with bipolar disorder have decreased CAMKII in the prefrontal cortex at postmortem (Xing et al, 2002) . Although data on cortisol levels were not available, it is established that this group of patients is at high risk of cortisol abnormalities of the type modelled here (Cervantes et al, 2001; Yehuda et al, 1993) .
Conclusions
In the present study we have observed that a flattening of the glucocorticoid rhythm, to a level between the normal nadir and zenith, without a change in overall glucocorticoid exposure, induces decreases in the hippocampal expression of mRNAs in a regionally selective manner. The data may have relevance for cognitive deficits characteristic of aging and depression.
